The link between diet during pregnancy and infant development has been largely documented, and was associated with long-term effects on health.^[@bib1],\ [@bib2],\ [@bib3]^ The prevalence of folate (vitamin B9) and/or cobalamin (vitamin B12) deficiency in pregnant women is relatively high, especially in some communities.^[@bib4],\ [@bib5]^ The one-carbon metabolism is essential for DNA biosynthesis and methylation reactions, and thus has a key role in epigenetic and epigenomic regulations.^[@bib6]^ The conversion of 5,10-methylenetetrahydrofolate to tetrahydrofolate in the folate cycle provides the methyl group required to convert the sulphur-containing amino acid homocysteine to methionine. Vitamin B12 acts as a cofactor for methionine synthase, which catalyzes this reaction.^[@bib7]^ Methionine is the precursor of S-adenosylmethionine (SAM), the universal substrate of transmethylation reactions, which is then demethylated to form S-adenosylhomocysteine (SAH). Thereafter, homocysteine is generated from the hydrolysis of SAH. The shared metabolism between folate and vitamin B12 suggests that deficiencies in one vitamin may alter the metabolism of the other. Deficiency of either folate, vitamin B12 or both vitamins can lead to various adverse consequences, including elevated blood homocysteine, intrauterine growth retardation, congenital heart defects and Down\'s syndrome.^[@bib8],\ [@bib9]^ Importantly, folate and vitamin B12 are essential for normal brain development, and both reduced folate and vitamin B12 status are risk factors for developmental disorders such as neural tube defects that can originate at various times during gestation.^[@bib10]^ In addition, a large body of evidence has linked deficiencies in maternal folate and/or vitamin B12 with infant cognitive development.^[@bib8],\ [@bib9]^

In experimental studies, deficiency in methyl donors such as folate and B12 has been associated with imbalanced proliferation/differentiation of neuronal cells, endoplasmic reticulum stress and apoptosis.^[@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15]^ In addition, hippocampus atrophy, rarefaction of microvasculature as well as cognitive impairments were reported in rodents.^[@bib12],\ [@bib16],\ [@bib17]^ Although homocysteine was shown to be embryotoxic, it did not appear to be directly responsible for developmental disorders,^[@bib18],\ [@bib19]^ and the mechanisms underlying the effect of maternal B vitamin status on neural tube and brain development remain poorly understood.

Embryofetal brain development is a very complex process, requiring the temporal expression of specific gene sets with a number of precisely orchestrated steps.^[@bib20]^ To determine how genetic regulation of factors related to neural development might account for brain defects associated with folate/vitamin B12 depletion, we used a microarray approach (Rat Neurogenesis and Neural Stem Cell PCR Array, RT^2^ Profiler PCR Array, SABiosciences, Qiagen SA, Courtaboeuf, France) that profiled the expression of 84 genes related to neurogenesis and cell differentiation in hippocampal neuroprogenitors issued from the rat H19-7 hippocampal embryonic cell line and in the brain of rat pups subjected to early methyl donor deficiency (MDD) (unpublished observations). As signal transducer and activator of transcription 3 (Stat3) emerged as one gene highly downregulated upon vitamin B deficiency, we further investigated its participation in the consequences of MDD both *in vivo* on a validated rat model of maternal deficiency^[@bib12],\ [@bib17]^ and *in vitro* in hippocampal progenitors.^[@bib14]^

Primarily associated with cytokine- and growth factor-related signals, Stat3 is activated through phosphorylation, and regulates the transcription of target genes that participate in a number of physiological responses.^[@bib21]^ Indeed, Stat3 has been repeatedly involved in fundamental biological processes, such as cell proliferation, differentiation, apoptosis and survival,^[@bib22],\ [@bib23]^ and has been shown to be implicated in various developmental events, such as motor neuron pathfinding and guidance^[@bib24]^ and neurite outgrowth.^[@bib25]^ Here, we provide the first evidence that early MDD causes loss of Stat3 signaling related to overexpression of miR-124, with impairment of cerebral development.

Results
=======

*In vivo* and *in vitro* earlier studies have demonstrated the efficiency of our experimental conditions in reducing methyl donor availability both in the rat progeny^[@bib12],\ [@bib26]^ and in H19-7 hippocampal cells.^[@bib14]^ Consistently, global DNA methylation was reduced in low methyl donor conditions in the two experimental models, that is, by 23.2% in the brain tissue from fetuses (*n*=4) and by 40.4% in cultured hippocampal cells at 13 h after induction of their differentiation (*n*=4).

Gestational MDD alters rat pup morphometric properties and brain characteristics
--------------------------------------------------------------------------------

As shown by [Figure 1](#fig1){ref-type="fig"}, both body weight and body length were significantly reduced (−20.5% and −15%, respectively) during late gestation (embryonic day 20, E20) in rat fetuses from dams fed the deficient diet, suggesting the occurrence of intrauterine growth retardation. This was confirmed by the noticeable reduction in the femur length (−14%). Whereas brain weight was also affected (−14.6%), the thickness of selective brain layers such as the hippocampal CA1 pyramidal layer, the granular cell layer of the dentate gyrus and the neurogenic subventricular zone (SVZ) were more dramatically decreased (−40, −22 and −26%, respectively). Most interestingly, these brain areas remained atrophied as late as the age of 450 days, although rat pups had exclusively received a standard, non-deficient diet since their weaning ([Figures 1e--h](#fig1){ref-type="fig"}).

MDD decreases brain expression and phosphorylation of Stat3
-----------------------------------------------------------

When studied by quantitative RT-PCR analysis, mRNA levels of Stat3 were found to be significantly decreased in the brains of E20 fetuses subjected to MDD as compared with controls (−34%, [Figure 2a](#fig2){ref-type="fig"}). Consistently, western blot immunoactivities revealed a decreased expression of Stat3 total protein both in the midbrain (which includes hippocampus, thalamus, hypothalamus and striatum) and in the cerebral cortex, along with lowered amounts of the phosphorylated forms, that is, phospho-Stat3 Tyr^705^ and phospho-Stat3 Ser^727^ ([Figure 2b](#fig2){ref-type="fig"}). Quantitative changes in protein levels are provided in [Supplementary information](#sup1){ref-type="supplementary-material"} ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). According to our western blot analyses, total amounts of Stat3 protein were reduced by 62% in the midbrain of deprived fetuses. As illustrated by [Figure 2c](#fig2){ref-type="fig"} for phospho-Stat3 Tyr^705^, such observations were confirmed *in situ* by immunohistochemistry in the cerebral cortex, the SVZ and the CA1 layer of the hippocampus.

Similar findings were obtained in cultured hippocampal progenitor cells, with a decrease in mRNA levels (−54%) and protein expression at 6 and 13 h after the induction of differentiation in cells lacking folate ([Figure 3](#fig3){ref-type="fig"} and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Amounts of total Stat3 protein were reduced by 48% at 13 h after induction of cell differentiation. In addition, immunocytochemical analyses by confocal microscopy revealed an obvious decrease in the presence of Stat3 in cell nuclei ([Figure 3c](#fig3){ref-type="fig"}).

MDD affects the expression of active key protein kinases
--------------------------------------------------------

Stat3-signaling pathways require several kinases such as Erk1/2 MAP kinases, p38, c-Jun N-terminal kinase (JNK) and Src, which are involved in Stat3 dimerization and activation.^[@bib27],\ [@bib28]^

Following exposure to MDD, the expression patterns of the active, phosphorylated forms of the corresponding kinases were differentially affected ([Figure 4](#fig4){ref-type="fig"}). Expression levels of phopho-Erk1/2, phospho-Src and phospho-p38 were significantly decreased, whereas the expression of phospho-JNK was increased and that of phospho-Akt did not vary significantly. Importantly, the recorded profiles were similar in the fetal brain tissues and in differentiating H19-7 cells. Quantitative changes in protein amounts are provided in [Supplementary information](#sup1){ref-type="supplementary-material"} ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}).

Decreased Stat3 signaling is associated with elevation of apoptosis and concomitant altered expression of related proteins both *in vivo* and *in vitro*
--------------------------------------------------------------------------------------------------------------------------------------------------------

Activation of Stat3 is known to positively influence the expression of anti-apoptotic and pro-survival proteins Bcl-2 and Bcl-xL.^[@bib29],\ [@bib30]^ We therefore investigated their expression levels as well as those of other key factors in apoptosis following MDD.

As expected, amounts of Bcl-2 and Bcl-xL were significantly decreased in the brain of E20 fetuses subjected to the deficient diet, whereas the expression levels of pro-apoptotic proteins Bax and cleaved caspase-3 were more elevated in both midbrain and cerebral cortex, cleaved caspase-9 being overexpressed in the midbrain only ([Figure 5a](#fig5){ref-type="fig"}). Quantitative changes in protein amounts are provided in [Supplementary information](#sup1){ref-type="supplementary-material"} ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Furthermore, the number of TUNEL-positive cells was dramatically increased in the hippocampus, the SVZ and the cerebral cortex of deficient fetuses ([Figure 5c](#fig5){ref-type="fig"}, [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). This was confirmed by the labeling of active caspase-3 and caspase-9 in fetal brains, as illustrated in the CA1 hippocampal region and in the SVZ, with the presence of a high number of dead cells within the lateral ventricle ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}).

Similar findings were obtained from differentiating hippocampal progenitors, the viability of which was more affected by folate deficiency as compared with controls ([Figure 5d](#fig5){ref-type="fig"}). Consistently, the loss of mitochondrial membrane potential, as depicted by the Mitocapture procedure, was higher in folate-deficient progenitors, along with an increased percentage of Apostain-positive cells indicative of apoptosis-associated single-stranded DNA ([Figures 5e](#fig5){ref-type="fig"}). Increased apoptosis was confirmed by the TUNEL/Apoptag method, as illustrated in [Figure 5b](#fig5){ref-type="fig"}.

Decreased Stat3 signaling is associated with increased brain expression of miR-124
----------------------------------------------------------------------------------

As miR-124 has been reported to regulate Stat3 signaling by affecting Stat3 phosphorylation^[@bib31]^ and by targeting the 3′-UTR of Stat3 gene so as to inhibit the expression of Stat3 protein,^[@bib32]^ we subsequently investigated the consequences of an MDD on the expression of miR-124 in the brain of rat pups and in H19-7 cells.

When studied using TaqMan RT-qPCR, miR-124a ncRNA expression patterns showed a significant increase (by two-fold) in the brains from E20 fetuses exposed to MDD as well as in B9-deficient H19-7 neuroprogenitors at 13 h after the induction of their differentiation (1.7-fold) ([Figures 6a](#fig6){ref-type="fig"}). This was confirmed by *in situ* hybridization both *in vivo* in various brain areas including the hippocampus, the SVZ ([Figure 6c](#fig6){ref-type="fig"}) and the cerebellum (not shown), and *in vitro* in differentiating cells ([Figure 6d](#fig6){ref-type="fig"}).

Silencing miR-124 improves Stat3 signaling and at least partly rescues cells exposed to folate deficiency
---------------------------------------------------------------------------------------------------------

The use of non-targeting siRNA had no patent effect on the expression of Stat3 at 13 h after induction of differentiation of H19-7 cells. Conversely, miR-124a siRNA, which repeatedly inhibited the expression of miR-124 by 87% after quantification by TaqMan RT-qPCR, increased Stat3 and phospho-Stat3 levels, mainly in folate-deficient cells ([Figure 7a](#fig7){ref-type="fig"}). Consistently, silencing miR-124 obviously reduced the differences observed between control and deprived cells in the phosphorylation patterns of upstream Erk1/2 MAP and Src kinases, as well as in the expression of downstream targets of Stat3 (Bcl-2, Bcl-xL). Concomitantly, the amounts of Bax as well as active caspases 3 and 9 were found to be diminished in miR-124 siRNA-treated deprived cells, along with a significant decrease in TUNEL-positive cells ([Figure 7c](#fig7){ref-type="fig"}). Quantitative changes in protein amounts are provided in [Supplementary information](#sup1){ref-type="supplementary-material"} ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). Silencing of miR-124 did not induce changes regarding the other kinases implicated in the Stat3 signaling pathway, that is, p38, JNK and Akt (data not shown).

The detrimental role of increased miR-124 in folate-deficient progenitors was further demonstrated by cell morphology of differentiating progenitors ([Figure 7b](#fig7){ref-type="fig"}). Indeed, folate deficiency was accompanied at 13 h of differentiation by a strong reduction in the number and length of neural processes, as previously documented.^[@bib14]^ In the present study, the downregulation of miR-124 by siRNA led to a noticeable restoration of these processes. Although the treatment by miR-124 siRNA slightly affected cell characteristics in control progenitors, the number of neurites per cell was ∼three-fold increased in folate-deficient cells treated by miR-124 siRNA as compared with those treated by non-targeting siRNA ([Figures 7d](#fig7){ref-type="fig"}, *P*\<0.01).

Discussion
==========

In the present study, we report for the first time that the downregulation of Stat3 signaling pathways targeted by increased miR-124 appears as a key factor in the deleterious effects of MDD on brain development. Our main conclusions are summarized in [Figure 8](#fig8){ref-type="fig"}.

The direct effects of MDD on the one-carbon metabolism and its various key factors in the animal model as well as the effects of folate deficiency in cultured H19-7 hippocampal progenitors have been extensively described in previous reports.^[@bib12],\ [@bib14],\ [@bib26]^ In particular, such treatments result in the accumulation of homocysteine, and in a decrease of the cellular index of methylation capacity corresponding to the SAM/SAH ratio. This is reflected in our study notably by a decrease in the amounts of methylated DNA in response to MDD in our two experimental models.

In the *in vivo* model, it appeared that the deficient regimen provided to dams during gestation led to reduced embryonic growth as compared with gestationally matched control fetuses at E20. These observations are in good accordance with other studies, in which it was shown that embryonic folate concentration limits growth and developmental progression,^[@bib19]^ whereas B12 deficiency affects body weight of the offspring.^[@bib33]^ In the present study, such a retardation includes deficiency-associated reduced brain weight. Decreased proliferation of neuroprogenitors and increased apoptosis have been reported in the brain of rodents under folate and vitamin B12 deficiency during gestation.^[@bib11],\ [@bib12]^ Importantly, atrophy of various brain layers including hippocampal cell layers and the SVZ---known as neurogenic zones in the adult brain---was depicted in deficient pups. If embryonic growth and brain weight at E20 were reduced in the same proportions (about 15%) following exposure to the deficiency, the effects on the cerebral cell layers are more pronounced, especially in the CA1 hippocampal region where pyramidal cell layer was reduced by 40%, reflecting a specific developmental vulnerability under MDD. In addition to decreased cell proliferation, as previously documented,^[@bib11],\ [@bib14]^ this may be related to increased apoptosis, as observed *in situ* by the TUNEL assay and caspase labeling, along with the presence of numerous dead cells in the lateral ventricle from deficient fetuses. Cell layer atrophy was still present in the brain of 450-day-old rats, suggesting persisting brain defects.

While folate deprivation markedly affects proliferation, differentiation and viability of hippocampal progenitors *in vitro*, cell polarity, vesicular transport and synaptic plasticity were shown to be dramatically altered, with poor neurite outgrowth.^[@bib14]^ The transcription factor Stat3 is known to strongly influence proliferation, survival, growth and differentiation of neuronal cells during brain development and in mature brain after injury.^[@bib23],\ [@bib34],\ [@bib35],\ [@bib36]^ In rodents, Stat3 mRNA and protein are expressed continually from E14 to 3 months. During postnatal development, Stat3 expression increases from postnatal day 3 (PN3) through PN21.^[@bib23]^ Stat3 acts on various target genes that participate in a variety of physiological processes, including apoptosis, survival and neurite outgrowth. It is activated by phosphorylation at two types of residues, that is, Tyr^705^ and Ser^727^, allowing homo- and/or heterodimerization, translocation into the nucleus and subsequent binding to sequence-specific DNA motifs. In addition, phospho-Stat3 Ser^727^ has been recently reported to mediate nerve growth factor-induced neurite outgrowth by a transcription-independent mechanism.^[@bib37]^ Under MDD, the amounts of Stat3 mRNA, Stat3 and phospho-Stat3 proteins were dramatically decreased both *in vivo* in the fetal brain and *in vitro* in hippocampal progenitors, in which less protein amounts were observed in cell nuclei. Stat3 phosphorylation involves various important kinases, the activation of which being differentially affected by methyl donor deprivation. Growth factors such as epidermal growth factor and platelet-derived growth factor stimulate Stat tyrosine phosphorylation through their intrinsic receptor tyrosine kinase activity or by the non-receptor tyrosine kinases Src,^[@bib38]^ whereas serine phosphorylation occurs via MAP kinases and other serine kinases such as the serine-threonine kinase Akt.^[@bib28]^ In our models, phospho-Erk1/2, phospho-Src and phospho-p38 were repressed in conditions of MDD, suggesting their potential role in the pathophysiological consequences observed. Whereas Akt pathway did not appear to be involved, the expression of phospho-JNK was increased, an observation consistent with the potential negative regulation of Stat3 by JNK.^[@bib39]^

MicroRNAs constitute an extensive class of small noncoding RNAs that control post-transcriptional gene expression. In this respect, Stat3 has been identified as a target of miR-124, the most abundant microRNA in the mammalian brain. The recent identification of a central role for miR-124 in neurogenesis^[@bib40]^ and synaptic plasticity^[@bib41]^ integrates this microRNA into the full repertoire of neuronal events, particularly at both the developmental and functional aspects. miR-124 regulates Stat3 either by inhibiting its phosphorylation at Tyr^705^ residue by an unknown mechanism^[@bib31]^ or, as demonstrated more recently, by targeting the 3′-UTR of *Stat3* gene so as to repress the expression of Stat3 protein.^[@bib32]^ The expression levels of miR-124a were found to be obviously increased in brains of fetuses as well as in differentiating hippocampal neurons after exposure to MDD, suggesting a significant role for miR-124 on Stat3 signaling in response to folate and B12 deprivation. This conclusion was strengthened by our additional experiments using siRNA transfection. Indeed, silencing miR-124a by almost 90% in H19-7 progenitors appeared to restore Stat3-signaling pathway in folate-deficient cells by increasing specifically the phosphorylation of Erk1/2 and Src kinases. As mentioned above, Erk1/2 phosphorylates Stat3 at Ser^727^residue, whereas Src phosphorylates Stat3 at Tyr^705^ residue, the phosphorylation at both residues being necessary for Stat3 activation and subsequent dimerization. miR-124 was recently identified as a negative regulator of Erk MAP kinases,^[@bib42]^ and we provide herein the first evidence of a negative regulation of Src activity by miR-124.

Strikingly, whereas the treatment by miR-124a siRNA slightly reduced the number of neurites in control cells, it greatly improved cell morphology in deficient progenitors.

Although the precise mechanisms by which B vitamin status may influence miR-124 expression remain to be fully elucidated, the existence of a link between folate and miRs has been previously documented. Folate supplementation would exert beneficial effects on ethanol-induced teratogenesis in the fetal mouse brain in part by downregulating miR-10a,^[@bib43]^ whereas the expression of various miRs in the developing brain of a neural tube defect-prone mutant mouse model (*Splotch*^−/−^) was reversed by maternal folic acid supplementation.^[@bib44]^ Finally, Marsit *et al.*^[@bib45]^ showed that folate deficiency causes a pronounced increase in the expression profiles of several miRs in cultured human lymphoblastoid cells. Reduced folate/vitamin B12 status leads to reduced availability of SAM, which is required for cellular methylation reactions. It has been documented that miRs are regulated by epigenetic events,^[@bib46]^ and methylation-mediated silencing of the miR-124 genes has been recently demonstrated.^[@bib47]^ Therefore, altered miR-124 expression may be related to the low methyl donor pool, along with reduced DNA methylation, as observed in our models, and finally resulting in changes in Stat3 expression.

In conclusion, we showed that MDD was associated with an increased miR-124 expression that affected Stat3 signaling at two different levels; first at the expression level by targeting Stat3 mRNA, and second by targeting its activation through the inhibition of Erk1/2 and Src kinases, without effects of miR-124 on other kinases involved in Stat3 signaling. The brain is very vulnerable during development, and impaired Stat3 signaling may lead to reduced cell proliferation and increased apoptosis that may account for a definitive atrophy of specific cerebral layers, as observed in vitamin B-deficient rats.

Materials and Methods
=====================

Animals and tissue collection
-----------------------------

*In vivo* experiments were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals on a validated animal model of MDD,^[@bib12],\ [@bib17]^ and was approved by the local University Research Ethics Board. One month before mating, adult female Wistar rats (Charles River, l′Arbresle, France) were fed either a standard diet (*n*=6) (Maintenance diet M20, Scientific Animal Food and Engineering, Villemoisson-sur-Orge, France) or a methyl donor-deficient (MDD) low-choline diet lacking folate and vitamin B12 (*n*=6) (Special Diet Service, Saint-Gratien, France). As gestation progressed, fetuses were collected at E20 from four MDD and four control dams. The fetuses were weighed and evaluated morphologically with the aid of a BX51WI microscope (Olympus, Rungis, France) coupled to an Olympus camera (U-CMAD3). The brains were removed, weighed and conserved for histopathological evaluations. For biochemical analyses, the brains were rapidly harvested and dissected in three parts (cortex, midbrain and cerebellum) before freezing in liquid nitrogen and stored at −80 °C. Otherwise, the assigned diet was provided to the dams until weaning of the offspring (postnatal day 21). At this time, rat pups were randomly chosen in the different litters (five controls and five MDD), whereas the remaining pups were kept under standard conditions until 450 days of age. In all cases, rats were euthanized by excess isoflurane, and their brains rapidly harvested, frozen in methylbutane at −30 °C and stored at −80 °C for subsequent immunohistochemistry performed on cryostat-generated 12-*μ*m sagittal brain sections mounted onto glass slides.

Cell cultures
-------------

H19-7/IGF-IR cell line (ATCC no. CRL-2526) was conditionally immortalized from embryonic day 17 rat hippocampi with a temperature-sensitive simian virus 40 (SV40) large tumor antigen.^[@bib48]^ Cells were seeded at a density of 3 × 10^5^ cells per well in 24-well plates (Falcon, Dutscher, Brumath, France) precoated with poly-L-lysine in high-glucose Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal calf serum, 50 U/ml penicillin, 50 U/ml streptomycin, 2 mM glutamine and 1 mM sodium pyruvate, as previously described.^[@bib14],\ [@bib49]^ For homogeneity, the same lot of serum was used throughout all experiments. Cells were allowed to proliferate at the temperature of 33 °C in 95% air/5% CO~2~. Selection was maintained with 200 *μ*g/ml G418. As standard DMEM does not contain vitamin B12, MDD was induced by using DMEM lacking vitamin B9 (Invitrogen, Cergy-Pontoise, France). After 24 h, cells were washed and shifted to the non-permissive temperature (39 °C) for induction of their differentiation in high-glucose-DMEM (with or without B9) containing 1% fetal calf serum, N~2~ supplement (Invitrogen) and 0.11 mg/ml sodium pyruvate, 2 mM glutamine, 0.1 mg/ml transferrin, 20 nM progesterone, 0.1 mM putrescine and 30 nM sodium selenite.

Cell viability was assessed by the measurement of intracellular ATP using the CellTiter-Glo luminescent viability assay (Promega, Charbonnières-les-Bains, France), and mitochondrial membrane permeability was evaluated by the MitoCapture assay kit (Calbiochem, VWR International, SAS, Fontenay-sous-Bois, France) using a fluorescent cationic dye, as described by Akchiche *et al.*^[@bib49]^

DNA methylation
---------------

Global DNA methylation was quantified in brain tissues at E20 as well as in cultured hippocampal cells at 13 h after the induction of differentiation by using the Methylamp Global DNA Methylation Quantification Kit (Epigentek, Euromedex, Mundolsheim, France), as previously described.^[@bib50]^ According to the manufacturer\'s instructions, the methylated fraction of DNA can be recognized by a 5-methylcytosine antibody and quantified through an ELISA-like reaction. The amount of methylated DNA is proportional to the OD intensity.

Histopathological analyses
--------------------------

For basic histopathological investigations, brain sections were stained with thionin or the DNA fluorochrome 4,6-diamidino-2-phenylindole (Dapi, Sigma-Aldrich, Saint-Quentin Fallavier, France) for the measurement of thickness of specific brain layers.

The presence of apoptosis was selectively depicted by the Apostain method^[@bib51]^ using monoclonal antibody to single-strand DNA (F7-26 from calf thymus ssDNA, AbCys SA, Paris, France) after DNA denaturation by heating in the presence of formamide, as described by Blaise *et al.*^[@bib12]^ and Akchiche *et al.*^[@bib14]^ for tissue sections and cultured cells, respectively. Apoptosis was additionally monitored by using the ApopTag Plus Fluorescein *In Situ* Apoptosis Detection Kit (Chemicon International, Millipore, Guyancourt, France) based on the TUNEL assay and which labels apoptotic cells by modifying genomic DNA utilizing terminal deoxynucleotidyl transferase (TdT).

For skeletal analysis, the procedure adapted from Wallin *et al.*^[@bib52]^ involves complete skinning of fresh eviscerated rat embryos following a 24 -h-immersion in 95% ethanol. Skeletons were stained for 48 h with 1% Alcian blue dye, diluted in an ethanol/acetic acid mix, specific for cartilage staining. Skeletons were then macerated in 2% KOH until bones are visible, and stained for 24 h with 0.12% Alizarin red dye diluted in KOH, specific for bone staining. Specimen were finally cleared and hardened in glycerol/ethanol baths and stored in 87% glycerol. Femur length was measured by means of the Cell software (Olympus).

Immunohistochemistry
--------------------

Cells cultured on poly-L-lysine-precoated glass coverslips were washed, fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich), as reported by Akchiche *et al.*^[@bib14]^ Nonspecific binding sites were blocked in phosphate-buffered saline containing 1% bovine serum albumin (BSA) and incubation was performed overnight with an antibody against one of the following proteins: Stat3 (rabbit monoclonal, 1/200, Cell Signaling Technology, Ozyme, Saint-Quentin en Yvelines, France), phospho-Stat3 Tyr^705^ (mouse monoclonal, 1/100, Cell Signaling Technology), phospho-Stat3 Ser^727^ (mouse monoclonal, 1/100, Enzo life sciences, Villeurbanne, France), actin (goat polyclonal, 1/200, Santa Cruz Biotechnology, Tebu-Bio, Le Perray-en-Yvelines, France), NF68 (rabbit polyclonal, 1/300, US Biological, Euromedex, Souffelweyersheim, France). After a washing step, immunoreactivity was assessed by incubation in the presence of an appropriate secondary anti-IgG antibody conjugated to AlexaFluor for 1 h at 25 °C (1/1000, Molecular Probes, Cergy-Pontoise, France). Control experiments were conducted by omitting the primary antibody. Immunofluorescence visualization, image acquisition ( × 20 and × 60 magnification) and unbiased cell counts in randomly selected fields were performed with a BX51WI microscope (Olympus) coupled to an Olympus camera (U-CMAD3) or a confocal microscope (Nikon Instruments, Champigny sur Marne Cedex, France), and analyzed using Cell software. Labeled cells were calculated as a percent of total cells after Dapi counterstaining.

Western blotting
----------------

Western blot analyses were performed using standard procedure with chemiluminescence using ECL system (Amersham Biosciences, Orsay, France), as previously detailed.^[@bib49]^ Antibodies against the following proteins were used: Stat3 (rabbit monoclonal, 1/1000, Cell Signaling Technology), phospho-Stat3 Tyr^705^ (mouse monoclonal, 1/1000, Cell Signaling Technology), phospho-Stat3 Ser^727^ (mouse monoclonal, 1/250, Enzo life sciences), Bcl-2 (goat polyclonal, 1/1000, Santa Cruz Biotechnology), Bcl-xL (rabbit polyclonal, 1/1000, Cell Signaling Technology), Bax (rabbit polyclonal, 1/1000, Santa Cruz Biotechnology), cleaved caspase-3, Asp^175^ (rabbit polyclonal, 1/1000, Cell Signaling Technology), cleaved caspase-9, Asp^353^ (rabbit polyclonal, 1/1000, Cell Signaling Technology), Src (rabbit polyclonal, 1/500, Cell Signaling Technology), phospho-Src Family Tyr^416^ (rabbit monoclonal, 1/1000, Cell Signaling Technology), p44/42 MAP kinase (Erk1/2, rabbit polyclonal, 1/500, Cell Signaling Technology), phospho-p44/42 MAP kinase Thr^202^/Tyr^204^ (rabbit polyclonal, 1/500, Cell Signaling Technology), Akt (rabbit polyclonal, 1/1000, Cell Signaling Technology), phospho-Akt Ser^473^ (rabbit polyclonal, 1/1000, Cell Signaling Technology), phospho-p38 MAP kinase Thr^180^/Tyr^182^ (rabbit monoclonal, 1/500, Cell Signaling Technology) and phospho-SAPK/JNK Thr^183^/Tyr^185^ (rabbit monoclonal, 1/500, Cell Signaling Technology).

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, mouse monoclonal, 1/1000, Abcam, Paris, France) was used as an internal standard. Polyvinylidene difluoride membranes were incubated for 1 h at room temperature with the corresponding horseradish peroxidase-conjugated preadsorbed secondary antibody (1/5000, Molecular Probes). Quantity One software, associated with the VersaDoc imaging system (Model 1000, Bio-Rad Laboratories, Marnes-la-Coquette, France), was used to quantify signals.

RNA extraction
--------------

Total RNA was extracted from H19-7 cells (10^2^--10^7^ cells) and from 0.5 mg of embryonic midbrain tissues using the mirVana miRNA Isolation kit (Applied Biosystems, Foster City, CA, USA) following the manufacturer\'s instructions. miRNA is isolated using a two-step procedure. In the first step, samples are disrupted in a denaturing lysis buffer, and then subjected to acid-phenol/chloroform extraction. The second step consists of purification over glass-fiber filter that immobilizes the RNA that was later eluted using RNase-free water. According to the manufacturer\'s instructions, no enrichment procedure is needed while isolating miRNA for expression profiling using miRNA arrays. The concentration and purity of RNA were determined at 260/280 nm by using a nanodrop spectrophotometer (Multiskan GO, Thermo Scientific, Gometz le Châtel, France).

Quantitative real-time RT-PCR
-----------------------------

Total RNA was purified using the RNeasy Plus Mini kit (Qiagen). PCR was performed using the Quantitect SYBR Green PCR kit from Qiagen and the LightCycler 480 instrument (Roche Applied Science, Manheim, Germany). Specific amplifications were performed using as primers: Stat3 forward 5′-GAAGAGTGCCTTCGTGGT-3′, reverse 5′-AGCAACCTGACTTTTGTGG-3′. Quantification was performed with RNA polymerase II (Pol II) as an internal standard with the following primers: forward 5′-GCATTAACATCAGGAACAATAAAGGC-3′ and reverse 5′-GATCTCTCTAAAGTTGACCTCATTGG-3′. Real-time PCR was carried out using the DNA-binding dye SYBR Green I for the detection of PCR products. Temperature cycling was 15 min at 95 °C followed by 50 cycles consisting of 94 °C for 10 s, 56 °C for 15 s and 72 °C for 15 s. Results were expressed as arbitrary units by calculating the ratio of crossing points of amplification curves stat3 mRNAs and internal standard by using the RelQuant software (Roche Diagnostics).

Analysis of miR-124 expression
------------------------------

### TaqMan RT-qPCR

Two-step real-time PCR was used to analyze the expression of miR-124. In the first step, total RNA was reverse transcribed using miRNA-specific RT primers (rno-miR-124 and U6SnoRNA) and a TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems). miRNA expression was analyzed using Taqman microRNA assays (Applied Biosystems), according to the instructions of the manufacturer. The RT reaction was performed in 15 *μ*l volume, containing 1 *μ*g RNA sample, 3 *μ*l primer and master mix adjusted to 15 *μ*l/reaction. Products of RT reaction (1.33 *μ*l) were used in a real-time PCR reaction, which also included 10 *μ*l of the TaqMan Universal Master Mix II, and 1 *μ*l TaqMan miRNA assay containing the sequence-specific primers of either the target miRNA (5′-GGCATTCACCGCGTGCCTTA-3′) or the U6SnoRNA (5′-CACGAATTTGCGTGTCATCCTT-3′) used as an endogenous control for normalization. Real-time PCR was carried out on a Step One Plus LightCycler (Roche Applied Science). Incubations were performed in a 96-well plate at 95 °C for 10 min for enzyme activation, followed by 40 cycles of PCR: denaturation (95 °C for 15 s), and annealing/extending (60 °C for 2 min). Data analysis was performed with the software provided by the manufacturer (Step One Plus).

### *In situ* hybridization

The *in situ* detection of miR-124 was performed on paraffin-embedded sections from normal and methyl donor-deficient brain tissues by locked nucleic acid (LNA)-oligo *in situ* hybridization, as previously described by Kloosterman *et al.*^[@bib53]^ Briefly, the slides were deparaffinized in xylene, rehydrated in decreasing concentrations of ethanol and treated with proteinase-k for nucleic acid release. Slides were then re-dehydrated and prehybridized in hybridization buffer with 0.5 nm specific probe (LNA-modified and digoxygenin (DIG)-labeled oligonucleotide, Exiqon, Copenhagen, Denmark) complementary to miR-124. Sections were then washed in saline sodium citrate buffer, followed by blocking in Denhardt solution 1 × in a humidified chamber. Slides were then incubated with anti-DIG antibody (1/500, Roche Applied Science) for 1 h at room temperature, washed in PBS-T and then immunoreactivity was assessed in the presence of a matching secondary antibody conjugated to AlexaFluor (1/2000, Molecular probes) for 1 h at room temperature. Positive controls (snoRNA U6B, Exiqon) were used for each hybridization experiment.

Small interfering RNA (siRNA) and cell transfection
---------------------------------------------------

MiR-124 expression in hippocampal cell cultures was silenced using small interfering RNA (siRNA). The siRNA oligonucleotide duplexes were purchased from Ambion (Applied Biosystems) for targeting the rat miR-124 (has-miR-124-3p) in H19-7 cells. The siRNA sequence is (sense strand-indicated): 5′-UAAGGCACGCGGUGAAUGCC-3′, and mirVana miRNA Inhibitor Negative Control no. 1 was used as control for evaluation of the effect of the experimental miRNA inhibition. siRNA duplexes (25 nM final concentration for the first transfection then 10 nM for the second day re-transfection) were transfected with lipofectamine RNAiMax (Invitrogen). Three days post transfection, cells were harvested for RNA or protein extraction.

Statistical analysis
--------------------

Data were analyzed with Statview 5 software for Windows (SAS Institute, Berkley, CA, USA). They were compared by using one-way analysis of variance (ANOVA) with Fisher\'s test. *P*-value \<0.05 was considered to indicate significance.
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:   extracellular signal-regulated kinase
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:   Glyceraldehyde-3-phosphate dehydrogenase
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:   c-Jun N-terminal kinase
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:   mitogen-activated protein
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:   signal transducer and activator of transcription 3
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:   Terminal deoxynucleotidyl transferase dUTP nick end labeling
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![Effects of methyl donor deficiency on rat fetus morphometric properties. (**a--d**) General morphometric measurements in control and MDD fetuses at embryonic day (ED) 20, 33≤*n*≤37. Data are reported as means±S.D. Statistically significant differences between control and MDD rats: \*\**P*\<0.01. (**e--g**) Kinetic measurements of thicknesses of hippocampal CA1 pyramidal cell layer, granular cell layer of the dentate gyrus (DG), and SVZ at E20, 21 days (**d**) and 450 days of age, *n*≥17 and n≥23 for controls (C) and MDD, respectively, \*\**P*\<0.01. (**h**) Histological illustrations of the effects of methyl donor deficiency in the CA1 pyramidal layer at the various ages after counterstaining of cell nuclei by DAPI](cddis2013278f1){#fig1}

![Effects of methyl donor deficiency on brain expression of Stat3 and phospho-Stat3 (Tyr^705^ and Ser^727^) in rat fetuses at E20. (**a**) Total Stat3 mRNA levels measured by real-time quantitative RT-PCR. Data are reported in arbitrary units (AU) as means±S.D. (*n*=5), \**P*\<0.05. (**b**) Western blot analyses of protein expression levels of Stat3, phospho-Stat3 Tyr^705^ and phospho-Stat3 Ser^727^ in the midbrain and the cerebral cortex from control (C) and MDD E20 fetuses. Similar profiles were obtained from five other experiments. (**c**) Immunohistochemical labeling of Stat3 and phospho-Stat3 Tyr^705^ in the cerebral cortex, SVZ and hippocampal CA1 layer from control and MDD E20 fetuses](cddis2013278f2){#fig2}

![Effects of folate deficiency on the expression of Stat3 and phospho-Stat3 (Tyr^705^ and Ser^727^) in H19-7 hippocampal progenitor cells. (**a**) Total Stat3 mRNA levels measured by real-time quantitative RT-PCR in control and B9-deficient cells at 13 h after induction of their differentiation. Data are reported in AUs as means±S.D. (*n*=5), \**P*\<0.05. (**b**) Western blot analyses of protein expression levels of Stat3, phospho-Stat3 Tyr^705^ and phospho-Stat3 Ser^727^ in control (C) and B9-deficient (D) H19-7 cells at 6 and 13 h after the induction of differentiation. Similar findings were obtained from five other experiments. (**c**) Immunocytochemical labeling of Stat3, phospho-Stat3 Tyr^705^ and phospho-Stat3 Ser^727^ in control and B9-deficient H19-7 cells at 13 h after induction of their differentiation](cddis2013278f3){#fig3}

![Western blot analyses of upstream phospho-kinases involved in Stat3 signaling pathways in the midbrain and cerebral cortex of control (C) and MDD E20 fetuses, and in control (C) and B9-deficient (D) H19-7 cells at 6 and13 h after the induction of their differentiation. Similar profiles were obtained from five other experiments](cddis2013278f4){#fig4}

![Effects of methyl donor deficiency on cell apoptosis and the key related proteins. (**a**) Western blot analyses of targets of Stat3 signaling (Bcl-xL and Bcl-2) and apoptosis-related proteins in the midbrain and cerebral cortex of control (C) and MDD E20 fetuses, and in control (C) and B9-deficient (D) H19-7 cells at 6 and13 h after the induction of their differentiation. Similar profiles were obtained from five separate experiments. (**b**) Illustration of increased apoptosis depicted by the TUNEL assay in deficient (D) cells as compared with controls (C) at 13 h following the induction of differentiation. (**c**) *In situ* quantification of apoptosis in the CA1 layer of the hippocampus, the DG, the SVZ and the cerebral cortex (Cx) in control (C) and MDD E20 fetuses. (**d**) Temporal changes in H19-7 cell viability by using the CellTiter-Glo luminescent cell viability assay (Promega). (**e**) Changes in the mitochondrial membrane potential depicted using the MitoCapture detection kit (Calbiochem). (**f**) Percent of apoptotic cells reflected by Apostain immunostaining. All data are reported as means±S.D. (*n*=5); \**P*\<0.05, ^\*\*^*P*\<0.01](cddis2013278f5){#fig5}

![Effects of methyl donor deficiency on the expression of miR-124. (**a**) Expression levels of miR-124 in AU in the brains of control and deficient E20 fetuses. (**b**) Expression levels in control (C) and B9-deficient (D) H19-7 cells at 13 h after the induction of their differentiation. All data are reported as means±S.D. (*n*=9 and *n*=7 for E20 brain tissue and H19-7-cultured cells, respectively), \**P*\<0.05, ^\*\*^*P*\<0.01. (**c**) Expression of miR-124 as depicted by *in situ* hybridization in the CA1 layer and SVZ from control and MDD E20 fetuses, and (**d**) in control (C) and B9-deficient (D) H19-7 cells at 6 and13 h after the induction of their differentiation](cddis2013278f6){#fig6}

![Effects of silencing miR-124 on differentiating H19-7 cells. (**a**) Effects of miR-124 siRNA on the expression levels of Stat3 and related proteins in control (C) and folate-deficient (D) cells at 13 h after induction of differentiation (si=non-targeting siRNA, siM=miR-124-targeted siRNA). Expression patterns are representative of three separate series of western blots. (**b**) Influence of miR-124 siRNA on cell morphology at 13 h after the induction of differentiation. (**c**) Percentage of apoptotic cells as depicted by the TUNEL assay. (**d**) Number of cell processes per cell. For (**c**) and (**d**): statistically significant difference with the respective control: \**P*\<0.05 and \*\**P*\<0.01; statistically significant difference between Dsi and DsiM: ^••^*P*\<0.01 (*n*=4)](cddis2013278f7){#fig7}

![Summary of major events involved in the consequences of MDD in the rat brain. Please note that we provide the first evidence of a negative regulation by miR-124 on Src activity that accounts for phosphorylation of Stat3 at Tyr^705^ residue](cddis2013278f8){#fig8}
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